SIN3 is a transcriptional corepressor that acts as a scaffold for a histone deacetylase (HDAC) complex. The SIN3 complex regulates various biological processes, including organ development, cell proliferation, and energy metabolism. Little is known, however, about the regulation of SIN3 itself. There are two major isoforms of Drosophila SIN3, 187 and 220, which are differentially expressed. Intrigued by the developmentally timed exchange of SIN3 isoforms, we examined whether SIN3 187 controls the fate of the 220 counterpart. Here, we show that in developing tissue, there is interplay between SIN3 isoforms: when SIN3 187 protein levels increase, SIN3 220 protein decreases concomitantly. SIN3 187 has a dual effect on SIN3 220. Expression of 187 leads to reduced 220 transcript, while also increasing the turnover of SIN3 220 protein by the proteasome. These data support the presence of a novel, inter-isoform-dependent mechanism that regulates the amount of SIN3 protein, and potentially the level of specific SIN3 complexes, during distinct developmental stages. 2 The abbreviations used are: HDAC, histone deacetylase; UAS, upstream activating sequence; EGFP, enhanced GFP.
Normal cell function requires precise and coordinated regulation of abundance, localization, and interaction of numerous proteins and associated factors. This systematic regulation is brought about by several synchronized processes that govern the production, subcellular location, and timely degradation of proteins. Key among these processes is the ubiquitin-proteasome system, which eliminates specific proteins at determined time points (1) . Disturbance of the ubiquitin-proteasome system has serious consequences in cellular function that can directly cause cell death (2) . This is especially true for controlling the steady-state levels of master regulatory proteins that regulate diverse transcriptional networks. Specific examples include the histone-modifying enzymes, which govern chromatin organization and thus regulate gene networks. Dysregulation of histone-modifying enzymes can be disastrous for the cell, because it not only leads to aberrant gene expression, but also affects genome stability (3) .
The SIN3 HDAC 2 complex, evolutionarily conserved from yeast to mammals, is one such important histone-modifying complex (4, 5) . The protein SIN3 serves as a scaffold for the assembly of this complex (5) . SIN3 is a master transcriptional regulator that, when deleted or mutated, causes embryonic lethality in Drosophila and mice (6 -9) . Previous work from our laboratory showed that depletion of Drosophila SIN3 affects several biological processes, resulting in severe developmental defects, increased sensitivity to oxidative stress, and reduced life span (10 -12) . Although many of the gene networks and biological processes regulated by SIN3 are known, the regulation of the SIN3 protein itself is poorly understood.
In Drosophila, a single Sin3A gene gives rise to multiple SIN3 isoforms, SIN3 187, SIN3 190, and SIN3 220. These isoforms vary only at the C terminus due to the presence of unique C-terminal exons, form distinct HDAC complexes, are functionally non-redundant, and are differentially expressed during development (timeline summarized in Fig. 1A (11, 13) ). SIN3 220 is the predominant isoform expressed in proliferating cells, whereas SIN3 187 expression is comparatively higher in differentiated tissue (11) . This distinct pattern of expression led us to wonder what regulates the isoforms so that they function at different stages during development and in adults. We found a highly interdependent relationship between SIN3 187 and SIN3 220 proteins. SIN3 187 expression causes increased proteasomal degradation of SIN3 220, while also reducing its mRNA levels. To the best of our knowledge, this type of multi-level, inter-isoform regulation that dictates the abundance of a master regulatory protein has not been reported previously.
Experimental Procedures
Cell Culture-Drosophila Schneider cell line 2 (S2) cells were cultured in Schneider's Drosophila medium (1ϫ) ϩ L-glutamine (Gibco) with 10% heat-inactivated fetal bovine serum (Gibco) and 50 mg/ml gentamicin (Gibco) and incubated at 27°C. For S2 cells expressing a transgene, SIN3 187 with an HA tag (SIN3 187HA cells), 0.1 mg/ml penicillin/streptomycin (Gibco), and 0.1 mg/ml Geneticin (Gibco) was added for selection. For S2 cells carrying an HA-tagged lid (little imaginal discs) transgene, 300 g/ml hygromycin B (Invitrogen) was added for selection.
Drosophila Stocks-Drosophila melanogaster stocks were maintained and crosses were performed according to standard laboratory procedures. The fly stocks used were as follows: en-Gal4 (#8828) and EGFP (#6658) obtained from the Bloomington Stock Center and UAS-SIN3 187HA (described in Ref. 11) .
Immunostaining-Wing imaginal discs were dissected from wandering third instar larvae in 1ϫ PBS. 20 -30 discs were fixed in 4% formaldehyde in 1ϫ PBS and blocked with 5% normal goat serum, 0.3% Triton X-100 in 1ϫ PBS. The discs were stained as described previously (11) using the following antibodies: rabbit anti-SIN3 220 (1:500) (11), mouse anti-HA-FITC * This work was supported by National Institutes of Health Grant 1R01GM088886-01A2 (to L. A. P.). The authors declare that they have no conflicts of interest with the contents of this article. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. 1 (1:200; Sigma), and Alexa Fluor 594 donkey anti-rabbit secondary antibody (1:1000; Invitrogen). The discs were stained with 2 g/ml DAPI solution and mounted in VECTASHIELD (Vector laboratories). Photographs were taken using an Olympus IX81 or BX53 microscope. All images were taken using the 10ϫ objective lens (Numerical aperture: 0.25) at room temperature. 5% deconvolution was applied to the images using the Micro-Suite Basic edition software. Cycloheximide and MG132 Assay-3 ϫ 10 6 cells were treated with 0.7 M CuSO 4 for 16 h prior to cycloheximide treatment. Cycloheximide (AG Scientific) was added to the cells to a final concentration of 100 g/ml for 10 h. A second set of cells was simultaneously treated with 50 M MG132 (Sigma) to inhibit the proteasome. Cycloheximide, dissolved in water, and MG132, dissolved in DMSO, were replenished after 6 h.
Time Course Assay-4 ϫ 10 6 cells were treated with 0.7 M CuSO 4 for 48 h. Protein and RNA extracts were made as described below at the indicated time points.
Real-time Quantitative Reverse Transcription PCR Assay-Using the RNeasy mini kit (Qiagen), total RNA was extracted from 1 ϫ 10 7 SIN3 187HA cells treated with CuSO 4 for different amounts of time. cDNA was generated from the total RNA with random hexamers using the ImProm-II reverse transcription system (Promega). The cDNA was used as template in a real-time quantitative PCR assay carried out in a Stratagene Mx3005P real-time thermocycler. Primers (5Ј-3Ј) used in the PCR reaction were as follows: SIN3 220, TTAAAGGCG-TATTGCTCGGC and TTGCGCTACAGAGAAGGTGG; SIN3187HA, AAATCGATTGCCGTGTAACC and GCGT-AATCTGGAACATCGTATGGG; pan-SIN3, AAATCGAT-TGCCGTGTAACC and GAGCGCAGGATTCGCCAACC; and Taf1, CTGGTCCTGGTGAGGTGA and CCGGAT-TCTGGGATTTGA.
Western Blotting-Protein was extracted by pelleting 10 6 cells through centrifugation, followed by lysis using Laemmli sample buffer (Bio-Rad). Protein concentrations were determined using the Bio-Rad DC protein assay reagent in accordance with the manufacturer's protocol. Western blotting analysis was performed according to standard protocols (14) and as described previously (15) . Primary antibodies used were as follows: HA-HRP (1:6000; Sigma), pan-SIN3 (1:2000 (16)), RPD3 (1:3000 (16)), and SIN3 220 (1:2000 (11)). Donkey anti-rabbit HRP-conjugated IgG (1:3000; GE Healthcare) was used as the secondary antibody. The antibody signals were detected using the ECL Prime Western blotting detection agent (GE Healthcare). The blots were photographed using the FOTO/Analyst Investigator (FOTODYNE) or Versa Doc imaging system (Bio-Rad) and quantitated using the TotalLab TL 100 software (Nonlinear Dynamics) and Quantity One software (Bio-Rad), respectively.
Statistical Analyses-Significance values were determined by the Student's t test using GraphPad.
Results

SIN3 187 Expression Leads to Reduced SIN3 220 Protein-
During Drosophila development, SIN3 isoforms exhibit differential levels of protein expression (summarized in Fig. 1A , based on data previously published by our laboratory (11)). SIN3 220 is predominantly expressed during stages 12-16 of embryogenesis and markedly reduced during stage 17, the final stage of embryogenesis (11) . Conversely, the lower molecular weight isoforms, SIN3 187 and SIN3 190, exhibit a gradual increase in expression toward the later stages of embryogenesis, peaking at stage 17 (11) . SIN3 190 expression is limited to embryos and adult females (11) , and so will not be further considered. Additionally, we have observed that cultured Drosophila S2 cells expressing HA-tagged SIN3 187 (SIN3 187HA cells) show a significant reduction in the level of endogenous SIN3 220 protein upon induction of SIN3 187HA (17) . Collectively, these earlier observations led us to investigate whether the SIN3 187 isoform controls SIN3 220 protein.
We utilized the UAS-Gal4 system (18) to analyze the impact of SIN3 187 on SIN3 220 in developing Drosophila tissue. Drosophila larval wing imaginal discs predominantly express SIN3 220 (11) . We mated virgin females carrying a HA-tagged SIN3 187 transgene (UAS-SIN3 187HA) to engrailed-Gal4 driver males. Progeny of this cross exogenously express SIN3 187HA specifically in the posterior half of wing imaginal discs of wandering third instar larvae. Cells of the anterior half of the wing disc do not express the SIN3 187HA transgene and therefore serve as an internal control for endogenous SIN3 220 protein levels (Fig. 1B) . We observed that the posterior half of the wing discs, which expressed the SIN3 187HA transgene, had reduced SIN3 220 staining as compared with the anterior half (Fig. 1B) . The wing imaginal discs obtained from UAS-SIN3 187HA flies, which do not carry a Gal4 driver, and those obtained from a control cross between virgin females carrying the UAS-EGFP transgene and engrailed-Gal4 driver males showed uniform SIN3 220 staining throughout the wing disc, indicating that the reduction in SIN3 220 is a specific effect of SIN3 187HA expression (Fig. 1B) . These data indicate that altering the amount of the SIN3 187 isoform impacts SIN3 220 protein levels in vivo.
To further examine this relationship between SIN3 isoforms, we turned to cultured S2 cells that, like wing imaginal disc cells, are proliferative and predominantly express SIN3 220 (11) . We performed a time-course experiment using SIN3 187HA cells. At distinct times following induction of SIN3 187HA, whole cell protein extracts were prepared and the expression of SIN3 isoforms was monitored by Western blotting. As compared with time 0 h, the endogenous SIN3 220 protein gradually decreased upon induced SIN3 187 expression (Fig. 1C ). This effect was particularly noticeable at 36 and 48 h of induction, as compared with non-induced cells (Fig. 1C) . These data are consistent with the observation made using developing fly tissue (Fig. 1B ) that SIN3 187 expression significantly impacts the amount of its 220 counterpart. To determine whether the effect of SIN3 187HA was specific for SIN3 220, we analyzed the protein level of another SIN3 complex component, RPD3. No significant change was observed on the RPD3 protein level upon SIN3 187 induction (Fig. 1C) . Together, the results obtained from the larval wing imaginal discs and S2 cells argue that SIN3 187 specifically regulates SIN3 220 protein levels.
SIN3 187 Accelerates Proteasomal Turnover of SIN3 220 Protein-To gain more mechanistic insight into this interplay, we examined the stability of endogenous SIN3 220 upon exogenous expression of SIN3 187 by conducting cycloheximide-based pulse-chase experiments. Cycloheximide halts the translation of new protein, thus allowing us to monitor the turnover of existing SIN3 220 protein over time. SIN3 187HA cells were induced to express SIN3 187. Non-transfected S2 cells treated in the same way were used as the control. Both sets of cells were then treated with cycloheximide, and the stability of endogenous SIN3 220 protein was monitored by Western blotting. In S2 cells, which express little SIN3 187, SIN3 220 is highly stable ( Fig. 2A) . When SIN3 187HA expression is induced, however, the turnover of endogenous SIN3 220 is significantly accelerated (Fig. 2B ). The SIN3 220 protein level was markedly diminished upon induction of SIN3 187 expression, within 10 h of cycloheximide treatment, as compared with the level in S2 cells.
Next, we examined whether increased turnover of SIN3 220 in the presence of SIN3 187 was proteasome-dependent. To this end, we performed the cycloheximide-based pulse-chase experiments in the presence of the proteasome inhibitor MG132. Treatment of cells with MG132 significantly slowed the degradation of SIN3 220 (Fig. 2B) . As an additional control, we determined whether expression of a component of the SIN3 complex has a similar effect on SIN3 220 turnover. We used an S2 cell line that carries a transgene for expression of HA-tagged dKDM5/LID (little imaginal discs), referred to as LIDHA cells. Overexpression of dKDM5/LID in the presence of cycloheximide did not alter the turnover rate of SIN3 220 protein (Fig.  2C ). We conclude that SIN3 187 specifically leads to increased proteasomal degradation of SIN3 220, a protein that is normally quite stable.
SIN3 187 Regulates SIN3 220 Transcript-The impact of SIN3 187 on SIN3 220 protein turnover led us to wonder whether the interplay between these isoforms occurs at multiple levels. To explore this possibility, we analyzed the effect FIGURE 1. Ectopic expression of SIN3 187 causes a reduction in endogenous SIN3 220 protein. A, representation of differential expression of SIN3 isoforms during development, based on data shown in Ref. 11 . Numbers within the arrow indicate stages of embryogenesis. B, wing imaginal discs were isolated from wandering third instar larvae of the indicated genotype. Wing discs were immunostained with ␣-HA to detect SIN3 187HA and with ␣-SIN3 220 to detect endogenous SIN3 220. The green fluorescence observed in the UAS-187HA control (left panels) is due to background signal. Wing discs obtained from the UAS-EGFP X en-GAL4 cross were immunostained with SIN3 220 antibody. The green fluorescence observed in this wing disc is due to EGFP expression driven by engrailed-Gal4. Scale bars represent 100 m. C, SIN3 187HA cells were treated with CuSO 4 for the indicated times to induce expression of the SIN3 187HA transgene. Protein extracts were probed with HA, RPD3, and SIN3 220 antibodies. ␤-Actin levels are shown as the loading control. The amount of SIN3 220 and RPD3 protein relative to actin is quantitated in the graph below. The results are the average of three independent biological replicates. Error bars represent S.E. *, p Ͻ 0.05, ***, p Ͻ 0.005. of SIN3 187 expression on SIN3 220 transcript. Total RNA was extracted from SIN3 187HA cells that had been induced for different amounts of time to express the SIN3 187 transgene. Real-time quantitative reverse transcription PCR analysis was performed using isoform-specific primers to quantify the level of the different Sin3A transcripts (Fig. 3) . We observed a reduction in the amount of SIN3 220 transcript upon induction of SIN3 187HA as compared with non-induced cells (Fig. 3) . The data in Figs. 2 and 3 provide evidence of multiple levels of control exerted by SIN3 187 on to SIN3 220, which collectively result in decreased SIN3 220 protein levels.
Discussion
SIN3 is well studied as a master transcriptional regulator that governs several important cellular pathways, including cell proliferation and energy metabolism (19) . Although SIN3 functions continue to be explored, the processes that regulate SIN3 itself remain poorly understood. In this study, we report an interplay between the predominant isoforms of SIN3. SIN3 187 expression caused a substantial reduction in the level of SIN3 220 protein in developing flies and in cultured cells. Expression of SIN3 187 impacted SIN3 220 at both transcript and protein levels. The 187 isoform led to reduced 220 mRNA, while also increasing the proteasomal turnover of its protein. Collectively, our data suggest the presence of an active regulatory signal that is triggered by SIN3 187 to reduce the amount of SIN3 220. Control of SIN3 220 at multiple levels likely ensures efficient removal of this isoform during specific developmental stages and highlights the possibility that regulation of SIN3 isoform expression is critically important.
We showed the involvement of the proteasome in maintaining the level of SIN3 220. It is likely that post-translational modifications play a role in targeting SIN3 220 to this degradative machinery. Mammalian SIN3 is SUMOylated and ubiquitinated (20, 21) . It remains to be determined whether a similar situation exists in Drosophila. In initial attempts to examine post-translational modifications of Drosophila SIN3, we performed stringent immunoprecipitation experiments using either antibodies for endogenous and HA-tagged SIN3 or a high-affinity ubiquitin binding resin to detect ubiquitinated SIN3 species. No distinct higher molecular weight bands indicative of ubiquitinated SIN3 were observed in our preliminary experiments (data not shown). As an alternative approach, we selected three lysine residues in the fly ortholog that are reportedly ubiquitinated in the human counterpart (22, 23) . Mutating these residues into the similar but non-ubiquitinatable amino acid arginine, alone or in combination, did not impact SIN3 220 cellular protein levels (data not shown). It is possible that other lysine residues in Drosophila SIN3 are ubiquitinated, or that its proteasomal degradation might be ubiquitin-independent. There is a growing number of proteins that do not require ubiquitination to be degraded by the proteasome (24) . Our initial studies, however, do not definitively rule out the possibility that ubiquitination of SIN3 220 is involved at some point to regulate its turnover.
Drosophila SIN3 isoforms differ only at the C-terminal region. 187 and 220 isoforms both interact with a core group of HDAC complex components that are conserved across species (13) . Perhaps the SIN3 protein needs to be amid this core complex to be stable. One possibility to account for SIN3 220 protein reduction by SIN3 187HA expression is that excess SIN3 187 sequesters the common complex components and exposes SIN3 220 for proteasomal degradation.
SIN3 220 transcript is also reduced upon exogenous expression of SIN3 187. The molecular mechanism governing this effect remains to be elucidated. Perhaps some regulatory factor detects the presence of SIN3 187 transcript and alters splicing at the Sin3A gene, resulting in reduced SIN3 220 transcript. Another possibility could be transgene-induced post-transcriptional gene silencing (25) . When the SIN3 187HA transgene is expressed, the overall level of Sin3A mRNA is very high. This may trigger degradation of the Sin3A transcript. Further investigation will help us better understand which mechanism is responsible for regulating the amount of SIN3 220 transcript.
It will be interesting to determine whether mechanisms akin to the ones that we reported here exist to regulate SIN3 in organisms other than Drosophila. Our finding of inter-isoformdependent regulation of SIN3 expands the overall understanding of avenues through which master switches are controlled during development. It also suggests that similar processes may apply to other key proteins with isoform-specific properties.
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